The remarkable progress made in infrared (IR) astronomical instruments over the last 10-15 years has radically changed our vision of the extragalactic IR sky, and overall understanding of galaxy evolution. In particular, this has been the case for the study of active galactic nuclei (AGN), for which IR observations provide a wealth of complementary information that cannot be derived from data in other wavelength regimes. In this review, I summarize the unique contribution that IR astronomy has recently made to our understanding of AGN and their role in galaxy evolution, including both physical studies of AGN at IR wavelengths, and the search for AGN among IR galaxies in general. Finally, I identify and discuss key open issues that it should be possible to address with forthcoming IR telescopes.
Introduction
The infrared (IR) spectral range (referring to wavelengths λ ∼ 1−1000 µm) contains a wealth of diagnostic features that are crucial to understand the physics of active galactic nuclei (AGN) and their host galaxies. Over the last 10-15 years, enormous progress has been made in this field thanks to the advent of major IR space telescopes, as well as the increasing possibility of conducting high spatial resolution studies with IR telescopes from the ground. It is now commonly agreed that IR observations offer a unique view to the study of AGN, which is complementary to studies conducted in other parts of the electromagnetic spectrum.
In a cosmological context, IR observations are essential to unveil the fundamental role of AGN in galaxy evolution. In the past, the most powerful nuclear and star formation activity of the Universe was obscured by dust, thus making the IR to be the primary regime to conduct a census of galaxy activity in the first half of cosmic time. Until only two decades ago, our vision of the IR Universe was basically limited to our local surroundings, so the open up of the IR Universe to very high redshifts, as it has been made possible over the last years, is a truly remarkable achievement.
The aim of this review is summarizing the most important IR studies of AGN of the last 10-15 years, including both physical studies of AGN at IR wavelengths, barely resolved) in ground-based, seeing-limited observations have clearly revealed the presence of dust close to the AGN. 8, 9 This dust mainly emits at wavelengths around λ ∼ 2 µm, and the temperature inferred from such near/mid-IR component is of the order of several hundred K. From simple arguments of dust thermal equilibrium, it is inferred that this dust must be located at a distance of a few pc at most from the central engine. Indeed, to emit at such short wavelengths, dust must be close to its sublimation temperature (T ∼ 1000 − 2000 K). Dust sublimation is likely responsible for defining the inner edge of the putative absorbing torus, and also setting the outer edge of the BLR. This has been tested through near-IR reverberation studies, 10, 11 which have shown that the location of the dust emitting at 2 µm is at a distance 0.01-0.3 pc, and scales with the AGN luminosity as L 1/2 .
12
While it has been agreed that the inner edge of the torus is set by the sublimation radius, the structure, geometry and extension of the dusty torus has been much more difficult to characterise. Initially, the properties and geometry of the torus were inferred by modelling its IR spectral energy distribution (SED), but the obvious issue was the difficulty of disentangling the IR emission associated with the AGNheated dust, from the IR light emitted by the host galaxy. A major step forward in understanding the properties and geometry of the torus has been made thanks to the development of interferometric techniques at mid-IR wavelengths. Real 2D maps have only been obtained for a handful of bright AGN, but at least partial information on the uv plane has been obtained for many other cases.
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Discussion
The modelling of our interferometric observations reveals the presence of two components of dust emission at the very centre of the Circinus galaxy: an extended (r 1 = 1.0 pc), warm (T 2 ∼ 300 K) and fairly round emission region showing strong silicate absorption and a much smaller (r 2 = 0.2 pc), but only slightly warmer (T 1 ∼ 330 K) component that is highly flattened and shows a less pronounced silicate absorption feature. We interpret these two components as signs for a geometrically thick K. R. W. Tristram et al.: The dusty torus in the Circinus galaxy the data using small sequences of uv points instead of individual uv points before fitting the resampled data. The errors listed in Table 4 are directly estimated from the bootstrap distribution of the respective parameter and mark the 68.3% (1σ) confidence intervals.
Our model can fit the data on the shortest baselines very well, which means that it reproduces the low spatial frequencies of the source adequately. On longer baselines, however, the data is not well reproduced by our model. This is predominantly due to small scale variations of the correlated fluxes and differential phases at longer baselines (cf. Fig.4 ), which cannot be reproduced by our smooth model. We interpret these variations as signatures for small scale structures that our model obviously cannot replicate.
Finally, a few remarks on degeneracies: several parameters of our model are not independent. The clearest example is the degeneracy between the temperature Ti and the surface filling factor fi. Because we are fitting a narrow wavelength range (8 µm < λ < 13 µm), the temperatures of our dust components are not well constrained. A small change in temperature has a direct influence on the brightness of the source, which can be compensated by changing the surface filling factor. Similar degeneracies are present between the size and the axis ratio of the source, which all change the emitted flux density. Depending on how well these parameters are constrained by the interferometric measurements, these parameters can become degenerate.

Morphology
The direct analysis of the data (Sect. 3) and our modelling (Sect. 4) confirm that the mid-infrared emission in the nucleus of the Circinus galaxy comes from at least two distinct components: a highly elongated, compact "disk-like" component and a moderately elongated, extended component. To some degree, the distinction between the two components is suggested by the two different regimes of the correlated fluxes as a function of the projected baseline length (see Sect. 3.1). Primarily, however, the distinction is suggested by the different orientations of the two components: the two components are elongated roughly perpendicular to one another. Two clearly separated emission components have also been found in NGC 1068 and NGC 3783 ( False-colour image of the three-component model for the mid-infrared emission of the nucleus of the Circinus galaxy (fit 3). The colours red, green and blue correspond to the model at 13.0 µm, 10.5 µm and 8.0 µm, respectively. The colour scaling is logarithmic in order to show both bright as well as faint features. Clearly the colour gradient of the extended component due to the increase in the silicate depth towards the south-east is visible. This colour gradient leads to a chromatic photocentre shift towards the north-west. Despite the lower surface brightness, 80% of the emission comes from the extended component. Also plotted is the trace of the water maser disk: the blue and red parts trace the approaching and receding sides of the maser disk respectively. Note that the relative offset of the mid-infrared emission with respect to the maser disk is not known (see text for details).
ectly illuminated by the central UV source. There are probably also considerable amounts of cooler dust. However, the cooler material only contributes insignificantly to the infrared emission The prototypical Seyfert 2 galaxies NGC 1068 and Circinus are the two cases best studied with mid-IR interferometry. The results for NGC1068 are consistent with a two-component dust distribution: an inner, 0.5 pc thick, and rather elongated hot (T > 800 K) component; and a more extended (3-4 pc), less elongated, colder (T ∼ 300 K) component. Most of the absorption appears to be located outside 1 pc. A similar result has been found for Circinus: two components, one inner and more compact (0.4 pc), and another outer (2 pc) component (Fig. 1) . However, the temperature of the inner component in Circinus (T = 330 K) is significantly lower than that in NGC 1068, and far from the sublimation temperature. Observations carried on the type 1 objects have provided results in agreement with those for Seyfert 2.
15, 19
The main difficulty in reproducing the nuclear IR SED of AGN has been the broad distribution of the IR bump at λ ∼ 100 − 200 µm, which implies a wide range of temperatures. Initial models 20 envisaging a compact pc-scale torus had serious problems in matching the observed IR SED, and also issues associated with hydrodynamical stability (although more recently Krolik (Ref. 21) pointed out that internal IR radiation can provide the required pressure for stability). However, more recently it has been proposed that one of the main problems of early studies has been the assumption that the torus must have a uniform density distribution (or at most a smooth radial gradient). A clumpy torus, beside being physically more realistic, has the advantage that, if the dusty clouds are optically thick to the incoming radiation, then each individual small clump will have a range of temperatures, and therefore can reproduce the observed broad SED. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] The overall distribution of clouds can be confined within a relatively small radius (equivalent to ∼ 30 times the sublimation radius). The stability of the torus structure is in this case mostly given by the velocity dispersion of the clouds, through thermal and radiation pressure, as well as turbulence induced by supernovae and nuclear stellar winds which can help the torus 'puffing up'.
24, 32
Interferometric studies on a sizeable sample of objects in the near-and midinfrared have shown that no significant differences are found between type 1 and 2 sources. The torus sizes inferred from mid-IR interferometric observations tend to favor the clumpy, compact models. However, a definitive proof of these models can only come from sensitive and high angular resolution observations at sub-millimetre wavelengths, which will now become feasible with the Atacama Large Millimetre Array (ALMA) for the first time. Indeed, while the difference between clumpy and diffuse-extended models is minimal at mid-IR wavelength, the difference is much more dramatic at far-IR and sub-millimetre wavelengths, with the former predicting much smaller sizes than the latter.
The Circumnuclear Region
Both the capability of piercing much deeper into the dust (relative to optical observations), and the access to transitions associated with a broader range of ionisation and critical densities, has enabled IR spectroscopic studies to characterise in detail the properties of the circumnuclear region of AGN. IR coronal lines are generally significantly broader than other lines observed in the narrow line region, although not as broad as the permitted lines coming from the broad line region, suggesting that they may be tracing an 'intermediate line region', bridging the gap between the BLR and the NLR, possibly including the inner surface of the obscuring torus. This is supported by the imaging of the near-IR coronal lines, revealing that the emission is indeed much more compact than the narrow lines traced in the optical and by lower ionisation species.
33
More generally, by combining the information from multiple IR emission lines, astronomers could model in detail the physics of the circumnuclear region ionised by the AGN, constraining the ionisation parameter, gas density, and also the shape of the ionising radiation spectrum. 34, 35 Near-IR integral-field spectroscopy of high ionisation lines have also enabled the detection of counter-ionisation cones, which where not seen at optical wavelengths, hence revealing that generally the one-sided ionisation cones at optical wavelengths are not due to asymmetric ionisation, but to dust obscuration in the galactic disk.
33, 36
Sensitive sub-/millimetre spectroscopy has recently provided new tools to investigate the circumnuclear region of AGN. In particular, in the presence of an AGN, various molecular transitions are powerful tracers of the gas excited by X-ray radiation, i.e. the so-called X-ray Dominated Regions (XDR). Indeed, the hard X-rays typically produced by AGN can penetrate deep into the circumnuclear medium, and they can heat it mainly through photoionisation of the dust grains. The X-ray enhanced chemistry favours the formation of specific molecular species and boosts the emission of specific molecular transitions, which can be used as a diagnostic of X-ray irradiated gas in the AGN circumnuclear region. [37] [38] [39] [40] For example, highly excited CO rotational lines can be a tracer of warm gas heated by X-rays. 41 The detection of CO emission from very high J transitions in nearby powerful AGN 42 has been regarded as evidence for extensive XDR. However, high-J transitions are also excited by shocks. 43 These are also expected in AGN as a consequence of the powerful winds that are generated in these objects, but also in powerful star-forming galaxies. Instead, the enhanced HCN(1-0) millimetre emission in the central region of nearby AGN 44, 45 has been regarded as more reliable evidence for X-ray irradiated gas. This is in principle a powerful tool to detect heavily obscured AGN, especially with ALMA.
The AGN Host Galaxies
This section is mostly focused on the morphological and dynamical properties of AGN host galaxies, while star formation in AGN hosts is discussed in section §3.
Near-IR images are considered the optimal tool to investigate the morphological properties of galaxies, and in particular AGN host galaxies, because the near-IR is a good tracer of a galaxy old stellar populations, and is less affected by recent star formation and dust extinction. Near-IR imaging surveys of local galaxies have not found any clear evidence that the morphology of local Seyfert galaxies is different, in terms of bar occurrence or morphological distortions, with respect to galaxies not hosting AGN.
46 This is not a surprising result, as the accretion rate needed to fuel low luminosity AGN is so low (Ṁ ∼ 10 −3 M yr −1 ) that a single giant molecular cloud located at the center of the galaxy is enough to accrete the black hole over a significant fraction of the Hubble time, without the need of supplying additional gas from the host galaxy through non-axisymmetric potentials.
Studies of the gas dynamics through interferometric mapping of the molecular gas in galaxies hosting nearby AGN have provided consistent results. The dynamics of the molecular gas does not show evidence for an excess of streaming motions towards the nucleus in nearby galaxies hosting low luminosity AGN. 47 However, what can be more important for low luminosity AGNs is the circumnuclear dynamics, on small scales of ∼100 pc. Different IR/millimetre, as well as optical, observations have revealed that low-luminosity AGN tend to be associated with spiral structures at those small scales.
48, 49
The situation is quite different for the most luminous AGN, particularly those found in local ultra-luminous infrared galaxies (ULIRGs). 50 High resolution near-IR and optical imaging of powerful AGN at low redshifts have revealed that their host galaxies are generally characterised by interactions (Fig. 2) , with on-going or recent mergers, indicating that strong non-axisymmetric potentials are needed to induce the high accretion rates. The analysis of AGN host galaxy morphologies has now been extended to higher redshifts (z > ∼ 1), especially thanks to the advent of the Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3), which has enabled sensitive, high-resolution near-IR observations of significant samples of high-z AGN. The general, and perhaps surprising result is that the host galaxies of most AGNs are in general not characterised by interactions or mergers: most of the AGNs are hosted in disks or bulge-dominated systems. [54] [55] [56] [57] [58] This is the case even at z ∼ 2, when the global cosmic star formation and nuclear activity were at their maximum. Figure 3 shows the result of a morphological comparison study between 72 moderate-luminosity AGN and 216 non-active galaxies matched in stellar mass, all at z ∼ 2, from the HST CANDELS survey. 57 The percentage of AGN and non-AGN in any of the morphological classes is very similar, and dominated by regular morphologies in all cases. The implications of these findings will be discussed in Section §3. 
The AGN/Star-Formation Connection
Unveiling the co-existence of star formation and nuclear activity in galaxies through cosmic time, and disentangling their relative contributions to the galaxy IR emission, are key problems in Extragalactic Astronomy. The observed local relation between black-hole masses and galaxy bulge masses [59] [60] [61] suggests that star formation and black hole growth must have been related at some point in the past, although this idea has been under scrutiny in recent times.
62 Therefore, considerable efforts are being devoted to search for evidence of the co-existence of the two phenomena in nearby and distant galaxies.
The emission in different parts of the IR spectrum, from ∼ 1 µm through 1 mm, depends on the dust temperature. The dust heated by newly formed stars is characterised by low temperatures, typically T < ∼ 100 K, and its emission dominates the galaxy far-IR spectrum. The AGN dusty torus can typically reach dust sublimation temperatures, i.e., T > ∼ 1000 K, and so its maximum emission occurs at near-/mid-IR wavelengths. Therefore, weighing the hot and cold dust components in a galaxy Table 3 ; the dashed lines represent the mass models derived for NGC 7469 and Mkn 231 (Davies et al. 2004a,b) . The galaxies all follow the same trend towards increasing densities in the central regions. Fig. 8 .-Integrated bolometric luminosity of the young stars L bol * as a fraction of that of the galaxy L bol−galaxy , plotted as a function of radius. L bol * is calculated from the stellar L K or L H assuming that, on the generally small scales here, all the near infrared stellar continuum originates in the young stars. On 10 pc scales the contribution of young stars is at most a few percent of the galaxy's total luminosity, while on kpc scales it may be significant and hence comparable to the AGN luminosity. For NGC 1068, data at two different pixel scales are shown (corresponding to the solid and dashed brown lines). On the left is shown the luminosity in solar units; on the right, it is with respect to the Eddington luminosity for the black hole. Generally the luminosity of the AGN is not well known and so we have approximated it by 0.5Lbol, and adopted an uncertainty of a factor 2. The starburst age refers to our best estimate of the most recent episode of star formation within the central 10-100 pc, as given in Table 3 . See the text for details of the adopted uncertainties. IR spectrum gives a good indication of the relative importance of star formation and black-hole activity. However, this decomposition is not trivial. The near-/mid-IR emission produced by the AGN overlaps with the direct emission from old stars in the host galaxy, and also the PAH emission, in case of on-going star formation.
Follow up of known AGN at IR and sub-millimetre wavelengths
Many observational studies have followed up known AGN in different parts of the IR spectrum, from near-IR through millimetre wavelengths, in order to investigate the presence and characteristics of star formation activity in their host galaxies. For nearby galaxies, a major step in these studies has been produced by the use of adaptive optics (AO) on ground-based telescopes, which has enabled very high spatial-resolution observations at near-IR wavelengths. Making use of the AOassisted SINFONI spectrograph on the Very Large Telescope (VLT), Davies et al. (Ref. 63) analysed the star formation activity of nine local Seyfert galaxies within very close scales to the central engine. They found evidence for recent, rather than on-going, star formation activity in these galaxies. The typical starburst age is of the order of ∼ 50 − 100 Myr in almost all cases (Fig. 4, top) , which means that the black-hole fuelling lags the starburst onset in that amount of time. This result can be interpreted as the need for the starburst to slow down before significant accretion can be produced onto the central black hole: in a fresh starburst, the ejecta from supernovae and OB star winds travels too fast for this material to be accreted.
According to this same study, the stellar light profiles of Seyfert galaxies typically have sizes of a few tens of pc, and the stellar luminosity is only a minor fraction of the AGN luminosity within the inner 10 pc, but comparably important on kpc scales (Fig. 4, bottom) . Lower spatial-resolution studies conducted at mid-IR wavelengths cannot disentangle such small scale effect, but rather detect the average star formation activity in scales of ∼ 0.1 − 1.0 kpc, 65, 66 except in very few cases.
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At higher redshifts, the possibility of resolving the AGN circumnuclear region is quickly lost, but it is still possible to look for the main IR signatures of star formation activity in the host galaxies. Using the Spitzer 68 Infrared Spectrograph (IRS), 69 several authors have searched for the presence of polycyclic aromatic hydrocarbon (PAH) emission at 3 − 20 µm. PAH emission is an unambiguous sign of star formation activity, so their detection in AGN hosts directly argues for the simultaneous presence of the two phenomena.
On average, PAH equivalent widths are weaker in AGN hosts than in starforming galaxies at similar redshifts 64, 70, 71 (see Fig. 5 ). However, PAH emission is still found in numerous AGN. From the spectroscopic study of a sample of 27 QSOs at z < 0.3, Schweitzer et al. (Ref. 72) determined that these objects have similar PAH/far-IR and [NeII]/far-IR ratios to star-formation-dominated galaxies, and thus concluded that at least 30% of their IR emission is due to star formation. This conclusion is consistent with the results of Shipley et al. (Ref. 73) , who found that star formation accounts for up to 50% of the total IR luminosity in 0.02 < z < 0.6 IR galaxies that are AGN-dominated in the mid-IR. For other composite AGN/star-forming systems, where the AGN is present, but less dominant at mid-IR wavelengths, the contribution of star formation to the total IR luminosity is even higher.
74, 75 For radio-selected AGN, the situation is less clear, as few mid-IR spectroscopic studies are available. Some powerful radio galaxies have clear PAH signatures in the IR spectra, while others do not. 76, 77 In any case, it is difficult to make a direct connection between the presence of an active nucleus and the PAH emission line intensities. In some galaxies most of this emission could be originated far from the nuclear region, and thus it would be hardly indicative of how PAH molecules behave close to the central engine. There is good agreement between the optical quasar and the peak of the continuum emission, as well as the peak of the molecular gas emission traced by CO, demonstrating that our astrometry is accurate on scales of < 0. The follow up of known AGN at sub-millimetre wavelengths offers an alternative way of probing coeval star formation activity. Many sub-millimetre studies of powerful QSOs and other lower-luminosity AGN at z > 1 have been carried out over the last ten years. [79] [80] [81] [82] [83] [84] [85] A few pioneering works [86] [87] [88] have even pushed these studies to rare QSOs at very high redshifts (z ∼ 6), and now they are becoming increasingly common. images of an IR hyper-luminous, quasar host galaxy at z = 6.42. They derived that the star-forming gas is distributed over a scale of ∼ 750 pc (Fig. 6) , which is around ten times larger than the typical starburst scale in local ULIRGs, such as Arp 220. This implies that this quasar host has a star-formation-rate (SFR) surface density comparable to the peak value in Arp 220 (∼ 1000 M yr −1 kpc −2 ), but extended over an area 100 times larger. Such a high SFR implies that this system is forming stars at an Eddington-limit rate, 95 likely forming a massive stellar bulge simultaneously with the massive black-hole fuelling. More recent studies have found other examples of this phenomenon in other rare luminous QSOs at z ∼ 6.
96
The observational evidence for the presence of large amounts of dust in QSOs (and galaxies) at z > ∼ 6 is in principle puzzling, and imposes important constraints on galaxy formation models. At low redshifts, most of the dust in galaxies is produced in the dusty envelopes of asymptotic giant branch (AGB) stars, but these stars typically need several hundred million years to be produced, so their formation by z ∼ 6 is not obvious. On the other hand, supernovae produce dust masses which are only ∼ 1% of their progenitor star masses, 97 so they can unlikely be the only source of dust in high z galaxies. Recent detailed analyses of this problem 97, 98 have shown that AGB stars could actually be responsible for a significant fraction of this dust production, but only if the galaxy had a very intense star formation activity (with SF R ≈ 2000 M /yr), which should have dropped quickly after the dust was produced. In the case of AGN, though, non-stellar mechanisms can be invoked for the dust production. Elvis et al. (Ref. 99) proposed that outflowing winds from the expansion of quasar broad emission line clouds can create dust, i.e., the observed dust is a consequence of the quasar activity, and is not necessarily linked to any powerful star formation, hence bypassing the problem of stellar evolutionary timescales for dust production (although in this scenario metals have to be available in the first place). This possibility was later considered by other authors.
100-102
Weighing the AGN and star formation components in IR galaxies
The most common approach to probe the simultaneous AGN/star-formation activity in large samples of IR galaxies is through the modelling of their SEDs. Before the advent of the Herschel Space Observatory, 103 the availability of far-IR photometry was mostly limited to low-z galaxies, except for the bright and rare IR QSOs, and sub-millimetre galaxies known at that time. Thus, the first attempts consisted simply in adjusting a linear combination of known IR galaxy templates to the optical through mid-IR SEDs of AGN at different redshift. These preliminary works have determined that a significant fraction of X-ray selected AGN show IR emission dominated by star formation in their host galaxies. 104, 105 Even when the presence of an AGN is evident from the SED mid-IR flux density excess, a significant part of the mid-IR light can be explained by star formation. Other Herschel-based studies have investigated the presence and importance of AGN among the more general population of IR-selected galaxies. Special attention has been paid to the study of galaxies at z ∼ 2, as this is, on average, the main epoch of star formation and nuclear activity of the Universe. The exact percentage of AGN incidence found among IR galaxies at z ∼ 2 varies according to different selection effects, particularly IR luminosities and IR colours, ranging from at least 20-30% in the global ULIRG population 108-110 to 50-60% among the reddest galaxies.
111
However, all studies agree that the total IR emission of galaxies is dominated by star formation rather than nuclear activity. A critical point of discussion over the last few years has been whether AGN host galaxies have enhanced, suppressed, or equally important star formation activity, with respect to galaxies with no nuclear activity. Several authors have tackled this problem, but inferred quite different conclusions, mainly due to sample variance effects. A recent study of a small sample of luminous quasars (with X-ray luminosities L X > 10 44 erg s −1 ) in the Herschel bands has claimed that star formation was suppressed in these sources. 112 This result is at odds with other works that found that powerful radio sources do host significant star-formation activity.
113, 114 Harrison et al. (Ref. 114) derived obscured SFR for AGN selected in three different fields of the sky at 1 < z < 3, versus their X-ray luminosities. They found that the mean SFR of AGN hosts are comparable to those of galaxies with no nuclear activity in the upper envelope of the SFR/stellar mass relation (SFR-M * ), which is sometimes called the 'main-sequence' of star formation. However, the scatter was sufficient to explain the apparently discrepant results found by other AGN/star-formation studies based on lower statistics.
More general comparisons of the Herschel-based SFR of X-ray-selected AGN and IR galaxies with no nuclear activity have shown that the most luminous X-ray AGN (with L X > ∼ 10 43.5 erg s −1 ) have a significant enhancement of their star formation activity, while less luminous AGN do not. [115] [116] [117] In a more extended analysis, Rosario et al. (Ref. 118) found that, actually, the star-formation enhancement for high X-ray luminosities is observed up to z ∼ 1, while at higher redshifts no significant trend is observed (Fig. 7) . This is consistent with other Herschel-based results that claim that active and inactive galaxy hosts at z ∼ 2 are statistically indistinguishable, 119, 120 and with the morphological results discussed in Section §2.3. These results have been interpreted as evidence for a change in the main driver for AGN fuelling with luminosity and redshift: at z < 1, major mergers may be responsible for a synchronised black-hole and stellar-bulge growth in luminous AGN, while low-luminosity AGN simply grow through 'stochastic fuelling' (i.e., any nonmajor-merger processes).
121 At z > 1, if this division still exists, it must have moved to higher luminosities than those typically observed in AGN surveys. This can be explained by the fact that gas reservoirs were larger, and thus massive black-hole fuelling did not require any particular non-secular process. We fit the measured data using a non-linear least-squares fitting procedure (CURVEFIT in IDL). Results are tabulated in Table 2 . In the two lower redshift bins where a good fit is possible (local and 0.5 < z < 0. Among the two higher redshift bins, the transition is not well-defined. A best-fit slope of the regression line is lower (α ∼ 0.5 ± 0.23) and L c AGN is about 1.5 dex higher than at lower redshifts. However, the quality of the fit is rather poor (reduced χ 2 3.5) in both these redshift bins and, in fact, a single straight line with a variable slope fits the data points just as well.
A correlation between AGN luminosity (or mass accretion rate) and host galaxy SF rate has been reported by several studies, for local low-luminosity Seyferts Mean rest-frame 60 µm luminosities versus X-ray luminosities for AGN at different redshifts. The rest-frame 60 µm luminosities can be considered proportional to the host galaxy SFRs, as the AGN emission has a very minor contribution at these wavelengths. It is evident that νLν (60 µm) increases with X-ray luminosity only for the most X-ray luminous AGN up to z ∼ 1, while no trend is observed in the other cases. Radio-selected AGN likely correspond to a different population than X-ray AGN, and presumably are in a later evolutionary stage. Del Moro et al. (Ref. 122 ) studied the star formation properties of radio-excess selected AGN, and found that their specific SFR (i.e. the SFR divided by the respective stellar masses), are lower than for X-ray-selected AGN. These results are in line with other radio galaxy studies, 123 although other authors have found no statistical difference in the far-IR properties of radio-loud and radio-quiet galaxies.
124
Overall, this wide variety of AGN follow up results at IR wavelengths indicate that the co-existence of star formation and nuclear activity in galaxies is a common phenomenon. However, it is still difficult to draw a firm conclusion on whether, or when, the two phenomena were actually 'synchronised' at different redshifts. Put another way, the co-existence of the two phenomena does not necessarily imply causality. The lack of an enhancement in the star formation activity of typical AGN at z > 1, and their predominantly regular morphologies, including a high disk incidence, suggest that these galaxies did not suffer a recent major merger that leaded to a common black-hole/stellar bulge growth. Disk instabilities at high redshifts could have been sufficient to keep typically luminous AGN feeding. 125 Note, however, that the importance of mergers cannot be excluded, as the relaxation times could be faster at high redshifts than at z < 1. It is then plausible that black hole growth is related to host galaxy growth in some cases, but this may not be a universal fact.
AGN feedback
Feedback is the fundamental process that self-regulates star formation in galaxies, and is a key ingredient in galaxy formation models. Positive feedback favours further star formation activity. Instead, negative feedback prevents galaxies from over-growing. Feedback from star formation processes (supernovae, radiation pressure, stellar winds and photoionisation) is expected to dominate in galaxies with low stellar masses (M < M * ), while AGN are thought to be the main feedback drivers in massive galaxies. More specifically, during the very luminous AGN phases (radiative mode) the radiation pressure is expected to drive a powerful, very energetic, nuclear wind, which shocks and accelerates the interstellar medium (ISM) of the host galaxy, producing massive outflows that remove a substantial fraction of the available gas and quench star formation. Direct radiation pressure on the dusty clouds can also be an alternative, or additional, way to drive outflows in AGN host galaxies, contributing to star formation quenching. Subsequently, in the radio mode, injection of energy into the galaxy halo by the radio jets prevents the halo gas from cooling and replenish the galaxy with fresh fuel for additional star formation. According to models, this 'maintenance mode' is responsible for keeping massive galaxies clean, and making them evolve passively into today's red-and-dead massive ellipticals.
126
Other models also invoke occasional (close-to-Eddington) accretion onto the black hole, in short quasar-mode bursts, resulting from accretion of gas simply released by the stellar winds in the host galaxy, which further help in keeping the galaxy ISM clean of gas and dust.
127
Observational evidence for AGN feedback in the radiative mode, consisting of powerful massive outflows driven by AGN, has only been found recently. Herschel has discovered spectacular P-Cygni profiles of some far-IR molecular transitions, such as OH at 79µm, in local galaxies hosting powerful AGN [128] [129] [130] [131] (Fig. 8) . Such P-Cygni profiles, with blueshifted absorption velocities in excess of 1000 km/s are a clear signature of massive molecular outflows. The signature of the same molecular outflows (often in the same objects) has also been detected through broad emissions wings of CO millimetric transitions, 132-134 using sub-/millimetre interferometric observations (Fig. 9 ). These observations have revealed that such outflows are extended on kpc scales. The inferred outflow rates are very large, approaching 1000 M yr −1 in some cases. The kinetic power of these winds is of the order of a few percent of the AGN bolometric luminosity, and the momentum rate is of the order of 20 L AGN /c, in very nice agreement with the expectations of quasar driven winds. Observations of molecular transitions tracing the dense phase of the molecular gas, such as HCN, have revealed that such quasar driven winds do host large amounts of dense gas. These observations in nearby quasars provide an excellent laboratory to investigate quasar feedback. However, if this mechanism has to explain the properties of local red-and-dead elliptical galaxies, then the bulk of the action has to happen at high redshifts, at which IR observations have also found evidence for quasar feedback. Maps of nebular lines redshifted into the near-IR have revealed powerful outflows extended on scales of several kpc. 136, 137 More importantly, observations of the [CII]158 µm far-IR fine structure line in some of the most distant quasars (z>6) have revealed outflows of atomic gas with outflow rates exceeding 3000 M yr −1 , and extending on scales of >10 kpc, 138 implying that quasar feedback was already in place in the early Universe. This could explain the presence of massive and passive galaxies already present by redshifts z∼2-3.
In the radio mode, the galaxy molecular gas is expected to be heated by energy injected by the radio jets. Sub-/millimetre observations have shown that this is the case for radio galaxies, which have substantial molecular gas reservoirs, 139 but not always high SFR. 140 In fact, a fraction of the gas in the halo can cool down, forming molecular gas that streams towards the galaxy, 141 although the inflow rate is probably modest. Both radio and millimetre observations are also revealing that radio jets not only heat gas in the halo, but also affect the ISM of the host galaxy by ejecting atomic and molecular gas. 
IR colour-colour techniques and SED analysis
The simplest and most widely-used methods to select AGN within large IR galaxy samples are mid-IR colour-colour diagrams. The colour segregation is produced by the power-law spectral shape characteristic of the AGN hot, dusty-torus emission, which in some cases dominates the spectral energy distribution (SED) of the host galaxy at mid-IR wavelengths. The most commonly adopted versions of these colourcolour diagnostics 143, 144 have been calibrated using some of the earliest blank galaxy surveys conducted with the Spitzer Infrared Array Camera (IRAC) 145 . These criteria resulted particularly reliable to identify luminous type-1 AGN, but less effective to identify type-2 AGN, whose colours are more similar to those of many normal galaxies. More recently, updated versions of the IRAC colour-colour criteria improved the selection of luminous type-2 AGN. 146, 147 At the same time, other works have adapted these colour criteria to the WISE telescope mid-IR filters.
148-150 All these colour-colour selection techniques have been calibrated with relatively shallow mid-IR and X-ray data. Consequently, they are optimised to select luminous AGN at different redshifts, but they dramatically lose completeness at X-ray luminosities L X < ∼ 10 43 − 10 44 erg s −1 , and/or when the light of the host galaxy also makes a significant contribution to the mid-IR SED. Figure 10 shows the IRAC colours of the X-ray AGN in the Chandra Deep Field South 4Ms catalogue. 155 It is evident how the colours vary with X-ray luminosity: the more luminous X-ray AGN display, on average, significant redder IRAC colours than less luminous ones. The vast majority of AGN with L X < 10 44 erg s −1 occupy the same locus as normal galaxies in the IRAC colour-colour diagram, so the strictest colour criteria are unable to select moderate luminous AGN, while less strict colour selections inevitably have a large fraction of contaminants.
151-154
The AGN selection through IR colour-colour techniques has recently been extended to the far-IR regime using Herschel data. Far-IR data at λ > 300 µm alone appears not to be adequate for such a purpose. 107 A combination of mid-and far-IR data is more effective instead. 156, 157 Nonetheless, the general effectiveness of these mid-/far-IR colour-colour diagrams for low-luminosity AGN and highly obscured AGN, remains to be proved.
An alternative, more reliable method to identify AGN among IR galaxies is directly modelling their SEDs. Alonso Herrero et al. (Ref. 158 ) studied a sample of 97 24 µm-selected galaxies which display a power-law shape in their IRAC SEDs. Within their sample, half of the pure power-law sources are X-ray confirmed AGN, and the other half are not, but many are likely IR-bright, X-ray obscured AGN (the X-ray data used for this identification was shallower than that used in Fig. 10 ). This power-law SED technique has also been applied by several other authors to investigate the presence of AGN among IR galaxies. 151, 152, 159 More recently, this SED analysis technique has been generalised to identify the presence of AGN not only in pure power-law galaxies, but also in composite systems, where the power law is a significant component of the mid-IR SED, but not necessarily dominant to the host galaxy. 154 The power-law IR SED analysis results in an efficient way of identifying AGN in large galaxy samples, especially when no X-ray data are available.
Finally, another common approach consists in trying to fit the galaxy SEDs with local AGN templates (either in pure form, or in linear combination with stellar templates). Several works have explicitly produced updated galaxy template libraries that include AGN and/or galaxy/AGN composite systems.
105, 160-163
IR spectral diagnostics
Spitzer mid-infrared spectroscopy has also been very important to study the presence of AGN in IR sources. However, in contrast to the widely applicable photometric techniques, spectroscopic studies could so far only be conducted over relatively small and bright galaxy samples. I discuss here the importance of different IR spectral features as AGN indicators, and recently-proposed IR spectral diagnostics for AGN.
There is a series of broad mid-IR spectral features, which combined, can provide a good indication of the presence of an active nucleus. These are basically the lack or weakness of PAH emission lines, the power-law continuum shape, and in some cases a strong silicate absorption. Low resolution spectroscopy (R ∼ 500) is sufficient to study these features, and thus this kind of diagnostic has been widely adopted in the analysis of Spitzer spectroscopic data. [164] [165] [166] [167] The presence of all these mid-IR spectral features can be explained with radiative transfer models.
168, 169
Another point of discussion in the literature has been whether the PAH emission line ratios are different in galaxies hosting nuclear activity. From theoretical considerations, the L(7.7 µm)/L(11.3 µm) ratio is expected to vary with the PAH ionisation balance, 170 and thus expected to be lower in the vicinities of the central black hole. At low redshifts, some authors have found a smaller L(7.7 µm)/L(11.3 µm) and other PAH line ratios in AGN than in star forming galaxies. 64, [171] [172] [173] Instead, other authors found weak or no relation between these line ratios and the importance of nuclear activity. [174] [175] [176] Once more, the interpretation of these different results is hampered by the inability of resolving small spatial scales. As discussed before, PAH emission could be produced far away from the nuclear region, and thus not be indicative of the effect of the active black hole on PAH molecules.
Other studies have also incorporated high ionisation lines, which are more secure AGN indicators. For example, the presence of [OIV] at λ = 25.89 µm, and especially [NeV] at λ = 14.32 µm, can be used alone as an AGN diagnostic, as the ionisation potentials of these transitions require a hard radiation field that almost exclusively AGN can produce (at least to be significant in the integrated galaxy spectrum Figure 11 shows composite high-resolution, mid-IR spectra for different types of AGN, 181 compared to the typical spectrum of non-Seyfert galaxies, and other normal star-forming galaxies. 183 It is clear that high-ionisation lines like [NeV] and [OIV] are only prominent in AGN, while the equivalent widths of PAH features are typically small. Observing these high ionisation lines in high redshift galaxies requires very sensitive instruments that can operate more into the far-IR regime (λ > ∼ 40 µm). Future far-IR telescopes, such as SPICA 184 and Millimetron, 185 should open the possibility of conducting systematic studies of highly obscured AGN at z > 1. 186, 187 It should be noted that, especially at high redshifts, these IR diagnostics become crucial for an unbiased AGN identification in galaxy samples, as deeply embedded AGN could be elusive and remain undetected even in very deep X-ray surveys.
Multi-wavelength diagnostics to unveil AGN among IR galaxies
Multi-wavelength spectral diagnostics have provided very important information on the presence of AGN among IR-selected galaxies. This is particularly the case of multi-object optical spectroscopy, which allows for the simultaneous observation of large galaxy samples. For type-1 AGN, the characteristic broad lines produced by the gas clouds close to the central engine can be observed in their optical spectra.
146, 188-190 IR-selected type-2 AGN are usually determined by their location in the BPT diagram, 191 and other line ratios, which indicate a powerful dust heating mechanism produced by central accretion. 192, 193 These spectral classifications have been applied to mid-IR-selected galaxies in different fields of the sky. 189, [194] [195] [196] [197] [198] [199] The joint analysis of IR and radio data is also a powerful tool to unveil the presence of AGN among IR sources. The ratio between the IR and radio 1.4 GHz luminosities (i.e. the q IR parameter) 200, 201 is typically used to discriminate between galaxies dominated by nuclear activity and star formation, as radio-loud AGN are characterised by relatively low values of this ratio. 202, 203 For star-formation dominated galaxies, the q IR parameter remains quite constant up to at least z = 1, within a dispersion factor < ∼ 1.5 (see Refs. 204, 205) , and it only shows a tentative, mild decline, [206] [207] [208] or basically none at higher redshifts.
209, 210
In fact, Sargent et al. (Ref. 209) recently argued that both star-forming galaxies and (radio-quiet) AGN populate the IR-radio luminosity correlation, which suggests that the two phenomena are coevally present in many IR galaxies, and/or are both responsible for the observed trend. In addition, it has been suggested that AGN occupy two relatively distinct branches in the plane of mid-IR and radio luminosity. Seyfert galaxies lie almost exclusively on a mid-IR-bright branch, while low-ionisation nuclear emission line galaxies (LINERs) are split evenly into a bright and a faint branches.
211
Other authors have studied the connection between the infrared and hard (> 10 keV) X-ray properties of local AGN using the Swift and AKARI all-sky surveys. 212, 213 They found a good correlation between hard X-ray and mid-IR luminosities for both X-ray absorbed and unabsorbed AGN, which suggests the presence of clumpy dusty tori producing isotropic IR emission.
Arguably a more complete approach consists in combining IR, radio and X-ray altogether for a more comprehensive study of AGN in large galaxy samples. By applying such a multi-wavelength analysis to ∼ 600 AGN at 0.25 < z < 0.8, Hickox et al. (Ref.126) attempted to reconstruct the AGN evolutionary sequence from a radiatively efficient phase (radiative mode) to a radiatively inefficient phase (radio mode). This sequence has been previously proposed, or considered, in different theoretical studies. [214] [215] [216] [217] Fig. 12 illustrates this possible evolution. The observed galaxies at 0.25 < z < 0.8 display different degrees of clustering, which allows one to infer that they reside in dark matter haloes of different masses. The evolutionary path is proposed to vary with halo mass: in haloes with masses above a critical value ( > ∼ 10 12 M ), luminous AGN are formed. They pass through IR and X-ray bright phases, which result in the formation of early-type galaxies (the more massive the halo, the earlier this evolution). Instead, Seyfert galaxies are the product of secular evolution in low-mass haloes. Note, however, that the galaxy merger scenario suggested by this cartoon should be taken with care, as the latest studies suggest a relatively minor role of galaxy mergers in fuelling nuclear activity at redshifts z ∼ 1 − 3 (see Section §2.3). Therefore, confirmation of how these evolutionary paths proceed will require further observational constraints at z > 1. A wide range of studies have analysed the incidence and importance of AGN among IR galaxies at low redshifts, including the local Universe. From redshifts z = 1 to z = 0, the extragalactic IR background is increasingly dominated by normal IR galaxies (with total IR luminosities L IR < 10 11 L ), while luminous IR galaxies (LIRGs) and ULIRGs, with 10 11 < L IR < 10 12 L and L IR > 10 12 L , respectively, decline rapidly in number density. 218, 219 Overall, this is the consequence of the global decline of the SFR density and powerful nuclear activity in the Universe.
The incidence of AGN among local LIRGs and ULIRGs is quite important, as up to 50%−60% of them could contain an AGN. 75, 167, 220 This result is consistent with the outcome of recent studies of 70 µm-selected LIRGs at redshifts 0.3 < z < 1.
221
When considering also normal IR galaxies, the fraction of AGN among IR sources appears to be somewhat lower, i.e. around 30%.
222 These percentages should be taken with some caution, as they depend significantly on the IR luminosities of each galaxy sample, and also on the criteria used to identify the AGN presence. Energetically, though, it is clear that AGN only make a small part of the total IR background budget at low redshifts: only ∼ 10 − 15% at z ∼ 1.
223, 224 At z ∼ 0, only the most luminous ULIRGs have, in general, more than 25% of their bolometric IR luminosity dominated by an AGN component 75, 166 (Fig. 13 ). Between z = 1 and z = 0, the total IR luminosity function has a significant decline in luminosity and density, but this evolution is mostly driven by the star-formation contribution rather than AGN.
224, 225
Many IR galaxies at z < 1 are in fact Seyfert galaxies, in which the total IR luminosity is mostly produced by the dust in the ISM of the host galaxies. In fact, general studies of LIRG morphologies at z < 1 have revealed that around half of them are spiral galaxies 226, 227 which contain most of the dust in their disks rather than localised in a central region. A similar conclusion can be extracted from the IR SEDs of Seyfert galaxies: almost have of them show the signatures of cold dust and PAH emission features.
228-230
Note that mid-IR-selected AGN at z < 1 are a distinct population from radioloud AGN, which mainly reside in massive elliptical galaxies that are very faint (or undetected) at mid-IR wavelengths. This is consistent with the radiative-mode to radio-mode conversion scenario: the IR-bright and radio-loud phases occur at different evolutionary stages in galaxy evolution.
AGN at the Peak Activity Epoch (1 < z < 3)
In the ∼ 4 Gyr period elapsed between redshifts z = 3 and z = 1, the Universe had a peak in both star formation and nuclear activity. 231, 232 This conclusion is the result of multiple, multi-wavelength galaxy studies conducted over the last two decades. However, the exact location of this peak, or whether this maximum activity has been sustained over a significant fraction of this period, is still unknown. Only very large galaxy surveys, which allow for a detailed study of narrow redshift slices within 1 < z < 3, can clarify this issue.
From the IR perspective, much effort has been devoted to search for AGN at 1 < z < 3, especially Compton-thick AGN, which are mostly undetected in large- area, X-ray surveys with moderate depths. Still today, ultra-deep X-ray data are only available for relatively small areas of the sky, 155, 233 so the analysis of IR galaxy surveys offers a suitable alternative to achieve a more complete census of dust-obscured AGN.
The excellent performance of the Multiband Imaging Photometer for Spitzer (MIPS) 234 has enabled very important progress in this subject over the last decade, as it has opened up the possibility of systematically studying mid-IR galaxies at high z. A notable example in the search for high-z AGN candidates is the study of bright mid-IR galaxies (S ν (24 µm) > ∼ 300 µJy) with high mid-IR-to-optical flux density ratios S ν (24 µm)/S ν (R) > ∼ 1000, which are commonly referred as dust-obscured galaxies (DOGs). 235, 236 Different spectroscopic studies have confirmed that these galaxies mostly lie at z ∼ 2 and host AGN. 165, [237] [238] [239] [240] This red galaxy population constitutes around a half of the most luminous ULIRGs at z ∼ 2, which indicates that nuclear activity was very common in the high z ULIRG population. In turn, ULIRGs constitute ∼ 30 − 50% of the most massive galaxies at z ∼ 2 − 3.
241, 242
Therefore, all these results taken together indicate the importance of obscured AGN activity among massive galaxies at high z.
Mid-IR spectroscopy has also been very useful to unveil the presence of AGN in IR galaxies at 1 < z < 3 in general, independently of their colours. The powerlaw shape continuum, strong silicate absorption and weak PAH emission indicate an AGN presence. [243] [244] [245] For the brightest sub-millimetre-selected galaxies, Spitzer spectroscopy has shown that most of them do contain an AGN, although their total IR luminosity is dominated by star formation in most cases.
246 A similar conclusion was previously reached from the study of the X-ray properties of sub-millimetre sources. 247 However, the incidence of AGN among sub-millimetre galaxies is still under debate, as other authors have found a much smaller AGN incidence among them.
248, 249
In order to circumvent the limited depth of typical X-ray surveys, some authors have applied an X-ray stacking analysis of IR sources that do not show individually an AGN signature. 250, 251 These studies have concluded, in a statistical manner, on the presence of the elusive Compton-thick AGN population that has been predicted by models of the X-ray background. 252 However, some recent studies based on deep X-ray observations and/or IR spectroscopic have failed to reproduce this result through the detection of individual objects.
245, 253
AGN over the First Few Billion Years
Given the sensitivity of current IR telescopes, the global population of mid-/far-IR galaxies is unknown at z > 3 , and consequently the general incidence of AGN in IR sources at z > 3 is a largely unexplored domain. There are some exceptions, though. In particular, sub-/millimetre-selected galaxies have a significant tail at z > 3, 254, 255 but the incidence of AGN among them appears to be relatively small. 256 At these redshifts, the Spitzer IRAC mid-IR photometry appears to be essential to derive proper stellar masses, as the rest-frame near-IR light is shifted beyond λ ≈ 4 µm. In addition, some studies have recently identified a population of bright Spitzer sources that are very faint at near-IR wavelengths. [257] [258] [259] A large fraction of these galaxies ( > ∼ 50%) appear to be at z > 3, and the brightest ones show signs of AGN activity.
260
Most AGN IR studies at z > 3 correspond to the follow up of AGN selected at other wavelengths. This is particularly the case of high-z, luminous radiogalaxies. Spitzer observations of these sources clearly show the power-law signature of AGN in their mid-IR SEDs. [261] [262] [263] [264] On the other hand, IR observations of bright QSOs at z > ∼ 5 have revealed the presence of hot and cold dust in these objects, and also CO emission, implying the existence of large molecular gas reservoirs. 92, [265] [266] [267] [268] I have discussed recent results on this subject in section §3. However, not all known quasars at z ∼ 6 appear to be bright at sub-/millimetre wavelengths. 94 This result is in line with the latest studies of optically-selected, high-z QSOs at mid-IR wavelengths. Blain et al. (Ref.269 ) presented a WISE mid-IR data analysis for 31 QSOs at z > 6. They found that half of them were individually detected by WISE, while the other half was not. A stacking analysis of this second half reveals that they are considerably fainter at mid-IR wavelengths than the brighter half. The cause of this possible dichotomy remains unclear, but it is possible that these QSOs are at different stages of their accretion histories, and in some of them powerful outflows have swept the dust away from their host galaxies.
AGN in Infrared Galaxy Models
Recent IR galaxy models have incorporated AGN, mostly in an empirical way,
270-272
but a few of them have done it using theoretical arguments. 273 Although considering AGN does not appear to be mandatory to reproduce the galaxy number counts at IR wavelengths, it is necessary to reproduce other observables, such as the bright-end of the IR galaxy luminosity function. Moreover, reproducing the IR galaxy redshift distributions may require some evolution in the AGN contribution to IR sources with redshift. 271 Other works have been able to predict different IR galaxy observables after incorporating the effects of AGN feedback within the framework of cold dark matter galaxy models. [274] [275] [276] [277] However, some of them cannot reproduce the bright end of the IR galaxy luminosity function at z ∼ 2, presumably for not including sufficient numbers of obscured AGN. 276 Some models have managed to reproduce this bright end, but they need to invoke a top-heavy IMF.
274, 278
Recently, Hopkins et al. (Ref. 275) have predicted the contribution of AGN to the total IR galaxy luminosity function through cosmic time, based on an empirical halo occupation model coupled with hydrodynamical simulations. AGN, along with galaxy mergers, dominate the bright end of this luminosity function, in agreement with observational results, 108, 279 while galaxies with more regular star formation activity prevail at lower luminosities, up to z ∼ 3. At higher redshifts, the different components may contribute comparably to the bright end, but uncertainties are large. Overall, the AGN contribution to the IR luminosity function is of a few percent at all redshifts, and follows the same trend as all other galaxy types: the associated IR luminosity density remains almost constant between z = 4 and z = 1, and then has a quick decline to z = 0.
Constraints from/to the Cosmic Infrared Background
The total Cosmic Infrared Background (CIB) and its evolution with redshift have been quantified by different studies using data from the latest IR telescopes. 223, [280] [281] [282] Understanding the contribution of AGN to the overall IR background at different redshifts is, however, a difficult task, because AGN identification remains quite incomplete in large areas of the sky, for which only datasets of mod-erate depths are available.
In spite of this difficulty, some authors have attempted to obtain estimates of the AGN contribution to the CIB. Serjeant et al. (Ref.283) carried out a joint analysis of AKARI and SCUBA2 data, and derived that 15 µm sources with S ν (15 µm) > 200 µJy make more than 10% of the 450 µm background, but less than 4% of the 1.1 mm background light. Cappelluti et al. (Ref.284) performed a cross-correlation analysis of the CIB fluctuations at 3.6 and 4.5 µm and X-ray fluctuations at 0.5-7 keV, and concluded that 15-25% of the unresolved CIB at these wavelengths is produced by an unidentified population of X-ray emitters at 0.5-2.0 keV, probably obscured AGN at z > 2.
On the other hand, Shi et al. (Ref.285) estimated the abundance of Comptonthick AGN based on a joint model of the X-ray and IR backgrounds. 286 They found that the fraction of Compton-thick AGN to all AGN is of only a few percent at f (2 − 10 keV) > 10 −15 erg s −1 cm −2 , but increases at fainter fluxes, and contributes as much as 25% to the total X-ray background at 20 keV. These authors argued that around 90% of the Compton-thick AGN should be detectable at 5 − 10 µm due to the hot dust emission of their dusty tori.
Consistently with other works based on the study of resolved IR galaxy populations, these results indicate that AGN make a relatively small fraction of the total CIB energy budget. This is probably the case even considering the fraction of the CIB which is still not accounted for in current IR galaxy surveys. Taking into account that host galaxy stellar masses and black-hole masses differ in a factor of ∼ 100, it is perhaps not surprising that most of the energy budget is in star formation rather than black-hole activity.
Future Prospects
The wealth of results discussed here show the significant progress made over the last 10-15 years towards the understanding of AGN properties, and the overall role of AGN in galaxy evolution, thanks to the analysis and modelling of IR astronomical data. Many questions remain unanswered, though. I identify here some of these main open issues, and briefly discuss the prospects for tackling them, making use of the main IR astronomical facilities that are forthcoming within the next decade or so.
1.The general existence and geometry of the dusty torus. Systematic, high-spatial resolution studies able to resolve the inner pc scale of AGN in the local Universe are necessary to test the fundamental prediction of the unification models, i.e. the general existence of the dusty torus. They should also reveal whether the size and geometry of this torus vary with the black-hole mass and/or accretion power. Moreover, it would be relevant to investigate the relation between the properties of the dusty torus and the presence of gas outflows originated at the central engine. Could these outflows modify, or even destroy, the dusty torus? Sub-arcsec resolution images taken with the full ALMA array at sub-/millimetre wavelengths, in the mid-IR regime with the Mid Infrared Instrument (MIRI) 287 on the James Webb Space
Telescope (JWST), and later the METIS 288 instrument on the Extremely Large Telescope (ELT), should enable a systematic investigation of these problems.
2.The possible mechanisms for black-hole formation, and the onset of a blackhole mass/galaxy bulge mass correlation in cosmic time. The universality of a blackhole/host galaxy relation is currently under scrutiny, as recent observational results indicate that black holes may reside in galaxies of different morphological types. Even if such a correlation holds for galaxy bulges, this correlation may not have been in place until relatively late in cosmic time (z ∼ 1). This would mean that the prevalent mechanisms for black-hole fuelling could have changed through cosmic history. However, an important caveat of current observations are morphological k-corrections: to properly compare the morphologies of AGN hosts at different redshifts, high resolution images at similar rest-frame near-IR wavelengths (relatively unaffected by dust obscuration) are needed. This is another area in which forthcoming JWST images will play a fundamental role to clarify the picture.
3.A (complete) census of the AGN incidence among galaxies of different stellar masses through cosmic time. For an ultimate understanding of the role of AGN in galaxy evolution, it is necessary to conduct a large and unbiased AGN census, and determine where these AGN live at different redshifts. The IR regime is ideal to provide an efficient diagnostic of the AGN presence in large galaxy samples. High-sensitivity, wide-field telescopes providing spectroscopy to near-IR wavelengths, such as the Euclid mission, should allow for a simultaneous selection of stellar-mass-selected galaxy samples, and AGN identification, over large areas of the sky. Given the covered wavelength range, these galaxy samples in stellar mass should be quite complete up to z ∼ 2. Although stellar mass completeness will progressively be lost at higher redshifts, Euclid will still allow for a large census of the less obscured AGN up to z ∼ 6 − 7.
4.The radiative-mode / radio-mode evolutionary sequence. Understanding whether this path is universal for all AGN requires a detailed determination of the number density evolution of X-ray-selected and radio-selected AGN, through cosmic time. This is a major topic that will benefit from the synergies between wide-field near-IR telescopes, like Euclid, and major radio-telescopes (e.g., LOFAR and later the SKA).
5.The appearance of the first AGN in the early Universe. Until now, only very luminous quasars are known at z > 4, with only a handful of cases at redshifts z > 6. Investigating the evolution of the bulk of the AGN population and their hosts at these high redshifts is fundamental to constrain galaxy formation models. In addition, the study of the first appearance of AGN at the epoch of reionisation should clarify whether these objects had any significant role in this process (which so far is suspected to be minor). The deepest JWST images will constitute a unique treasure trove for this purpose.
